Certain ribosomal proteins (r proteins) in Escherichia coli, such as S4 -and S7, function as feedback repressors in the regulation of r-protein synthesis. These proteins inhibit the translation of their own mRNA. The repressor r proteins so far identified are also known to bind specifically to rRNA at an initial stage in ribosome assembly. We have found structural homology between the S7 binding region on 16S rRNA and a region of the mRNA where S7 acts as a translational repressor. Similarly, there is structural homology between one of the reported S4 binding regions on 16S rRNA and the mRNA target site for S4. The observed homology supports the concept that regulation by repressor r proteins is based on competition between rRNA and mRNA for these proteins and that the same structural features of the r proteins are used in their interactions with both rRNA and mRNA.
In exponentially growing Escherichia coli cells, the rates of synthesis of most if not all ribosomal proteins (r proteins) are essentially identical to the rate of ribosome accumulation and coordinately regulated in response to environmental changes. A feedback model for translational regulation has been suggested to explain this balanced synthesis of r proteins (1) , and there is experimental evidence that supports and refines this model (2) (3) (4) . In this model, it is proposed that certain free r proteins act as feedback inhibitors of the translation of their own mRNAs and that, as long as the assembly of ribosomes removes r proteins, the corresponding mRNA escapes from the inhibition and continues to direct their synthesis. It has been shown in vitro, by using a protein synthesizing system that has various template DNAs carrying r-protein genes (2) and, in vivo, by examining the effect of overproduction of certain r proteins on the synthesis of other r proteins (3) , that L1 (and not Lii) is the translational repressor that regulates the synthesis of both L11 and Li in the LIi operon (see Fig. 1 ). Similarly, S4 (2, 3), S8 (2), S7 (see below), L4 (4, 5) , and L10 (6, 7; unpublished results) have been shown to be translational repressors involved in the regulation of the a, spc, str, S10, and 3 operons, respectively.
Repressor r proteins probably interact with a specific region of polycistronic mRNA and cause their inhibitory effects indirectly on distal genes through a "polar effect." For example, the in vitro synthesis of Li from DNA templates that carry the Li gene but lack the promoter and an adjacent segment of the
LIi gene is not inhibited by L1. This and other experiments have shown that the site of action of Li is localized in a region
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nucleotide sequence of this region has been determined, together with the entire mRNA sequence preceding this region (which includes the S12 coding sequence) (8, 9) . We therefore compared (with the aid of a computer program; 10) the mRNA sequence with the nucleotide sequence of the S7 binding site on 16S rRNA.
Ribosomal protein S7 has been shown to bind specifically to 16S rRNA in the absence of any other proteins under conditions of in vitro ribosome reconstitution (11, 12) . Brimacombe and his coworkers have recently demonstrated that S7 can be crosslinked to U at position 1240 of 16S rRNA by irradiation of ribosomes with UV light (13, 14) . Similarly, Ehresmann and his coworkers have presented evidence that S7 can be crosslinked to a site in the region 1261-1266 (A-C-C-U-C-G in Fig. 2A ) (16) . Therefore, we first compared the nucleotide sequence of this region (1220-1340; see refs. 15, 17, 18) with the nucleotide sequence of a segment of S12-S7 mRNA that includes the intercistronic region (between 480 and 630 in the numbering system given in Fig. 2 of ref. 9 ). We have found that there are four sets of five-or six-nucleotide-long sequences common to the 16S rRNA and mRNA regions (A-A-U-G-G, U-C-G-U-A-G, U-U-G-G-A, and U-C-C-A-U-G; these are boxed in Fig. 2 ) and that the mRNA sequence can take a secondary structure similar to that proposed for the 16S rRNA in this region (15) , as shown in Fig. 2 .
The four common sequences make two sets of base-paired "stem-root" structures. One of these includes the U1240 of 16S rRNA, which is crosslinked to S7 in the ribosomes, and the other includes the initiation codon AUG (at 601 in Fig. 2B) (15) . Thus, we conclude that the observed homology, including these two sets of stem-root structures, is significant in relation to S7-rRNA and S7-mRNA interactions.
In addition to the above stem-root structures, we also found another stem-root structure (G-U-G-N-A-G-C paired with G-C-U, which is located near the A-A-U-G-G, 1238-1242, of 16S rRNA). This homology is perhaps less striking than the first two stem-root structures. However, the helical structure, 946-955/1225-1235, in 16S rRNA has also been proven, based on comparative phylogenetic sequence data (15) , and all three stem-root structures exist close to each other in 16S rRNA. Therefore, it is possible that the observed homology involving the third stem-root structure could also be related to the interaction of S7 with mRNA.
The postulated secondary structures in the mRNA (as shown in Fig. 2B ) are all unstable or at least weaker than the corresponding structures in 16S rRNA (see ref. 19 ). This feature might be related to the (postulated) stronger affinity of S7 for rRNA than for mRNA. In addition, the mRNA is normally translated, and stable secondary structures involving the initiation site might hinder efficient translation initiation. We postulate that the secondary structure that effectively blocks the initiator AUG is stabilized by the binding of S7. S4 sites Ribosomal protein S4 regulates the synthesis of r proteins encoded in the a operon by translational feedback inhibition (2, 3; Fig. 1 ). This inhibition probably takes place by binding of S4 at a beginning region of the mRNA transcribed from the promoter for this operon. We found that S4 inhibited the synthesis of S4 in vitro when the template DNA contained the intact promoter but failed to do so when the DNA template used lacked the promoter and a beginning part of the structural gene for S13 (unpublished results). Thus, we infer that the target for S4 is located within the first 202 nucleotides of the polycistronic mRNA transcribed from the promoter for the a operon (from 557 to 758, according to the numbering system given in ref. 20 and Fig. 3 ).
Like that of S7, specific binding of S4 to 16S rRNA was originally shown by incubating S4 with 16S rRNA under reconstitution conditions in the absence of other r proteins (11, 12) ; since then, there have been many studies by many investigators, and various approaches have been used (reviewed in ref. 21) . Although RNase protection analysis of the S4-16S rRNA complex suggests that a wide segment of the 5'-proximal region of 16S rRNA (positions 10-580) is related to the S4 ¶ Assume that the four oligonucleotides (A-A-U-G-G, U-C-G-U-A-G, U-U-G-G-A, and U-C-C-A-U-G) are recognition signals that are arranged in this order and separated from each other at distances such that (i) binding sites (21) , the observed protection of such a large area is undoubtedly due to the presence of secondary and tertiary structures of rRNA and S4 may be directly interacting with only small specific segments of 16S rRNA. Two different kinds of experiments have suggested locations for these specific segments. First, three oligonucleotide fragments crosslinked to S4 were isolated after UV irradiation of the S4-16S rRNA complex (22) . These are 303-324, 423-505, and 528-557, according to the established 16S rRNA sequence (15, 17, 18) and the numbering system in ref. 15 (22) . Second, electron microscopic examination of formaldehyde-fixed S4-16S rRNA complexes suggests three widely separated specific binding sites (23) . Based on the Woese-Noller secondary structure model of 16S rRNA (15) , the results can be interpreted as suggesting that, under the spreading conditions for electronmicroscopy, the first and second binding sites are responsible for stabilizing the 27-37/547-556 stem structure and the second and third sites are responsible for stabilizing the 563-569/879-885 stem structure. Therefore, we compared the nucleotide sequences in these possible S4 binding regions on 16S rRNA with the first 202 nucleotides of mRNA. Fig. 3 shows the significant homology we found.
The region of 16S rRNA shown in Fig. 3A represents the S4 binding sites that include one of the three oligonucleotides crosslinked to S4 by UV irradiation (528-557), as well as a portion of the second (493-505), and the first and second sites (the 27-37/547-556 stem structure) suggested by the electron microscopic experiments. The homologous structure consists of two sets of stem-root structures: One set includes an identical four-base-long segment (C-C-G-U/A-C-G-G) in the stem and an identical five-base-long single-stranded segment (A-G-C-A-G) close to this stem and the other is a stem-root structure that is similar but not identical in 16S rRNA and mRNA. The first common stem structure in 16S rRNA is a part of a helical structure, 511-516/535-540, that is phylogenetically conserved and has been proved by Noller, Woese, and their coworkers (18) ; the corresponding helical structure in mRNA (Fig. 3B) is very close to (or includes a part of) the initiation codon (GUG) for the first structural gene (the gene for S13). If the r protein S4 interacts with the two stem-root structures in mRNA as it appears to do in S4-16S rRNA, the function of S4 as a translational repressor could be explained on the basis of stabilization of the helical structures by S4 binding. From these considerations, it appears likely that the structural homology shown in Fig. 3 is significant. Again, we note that one of the two helical structures of the mRNA discussed above, 624-627/644-647, is unstable and, in the absence of free S4, would not hinder the initiation of translation of S13 mRNA, which in turn would prevent formation of the more stable helical structure, 603-609/653-659.
Discussion
The striking homology found between the r-protein binding regions of rRNA and the presumptive regulatory regions of mRNA described above gives further support to the model of translational feedback regulation of r-protein synthesis. Specifically, this homology supports the concept that regulation by repressor r proteins is based on competition between rRNA and mRNA for them and that this competition for r-protein binding involves the same structural features of r proteins. We suspect that this concept applies not only to the S7 and S4 sites discussed here but also to other repressor r proteins. In fact, our preliminary analyses suggest that this is also the case for Li and S8 (unpublished results). Thus, the pertinent nucleotide sequences of rRNA and mRNA (and the structural features of the repressor r proteins) could have evolved to optimize the efficiency of the regulatory function relative to the ribosome assembly reaction.
A certain aspect of the regulatory features in the system described here resembles that of the phage T4 gene 32 system; the gene 32 protein normally binds to single-stranded DNA and, when produced in excess, inhibits the translation of its own mRNA (24) . However, the gene 32 protein binds to any kind of single-stranded DNA and shows specificity only in the in- (27) . The mechanism of translational repression of r-protein synthesis suggested in this paper is similar in principle.
The model of the S4 binding site on the mRNA shown in Fig.  3B suggests that the nucleotide sequences in some protein coding regions might also be used in forming unique structures that are responsible for the binding of repressor r proteins. Thus, we suspect that there might have been constraints on the codon use (or on the use of amino acids or both) during the evolution of the present ribosome system and that this might be reflected in the pattern of codon use in these "regulatory" regions relative to the average codon use pattern seen in r-protein genes. We have indeed found that this appears to be the case. One such example is the Ile codon (660-662 in Fig. 3B ) at the beginning of the S13 gene. It has previously been found that r-protein genes preferentially use codons that are recognized by the most abundant tRNA species (9, 28) . Regarding Ile codons, 53 out of 54 sequenced Ile codons in r-protein genes are either AUU or AUC (9), both of which are recognized by the major isoleucine tRNA in E. coli (29) . The codon AUA, which is recognized by a minor isoleucine tRNA, composing <5% of the total isoleucine tRNA (30) , is used only once in the sequences determined so far (9)-i.e., at 660-662 in Fig. 3B . The use of the rare Ile codon at this position could be related to the common sequence A-G-C-A-G, which might be functionally important as a site involved in S4 binding. Extensive 
